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So,	 head	 towards	 renewable	 energy	 resources	 such	 as	 solar,	 hydraulic,	 wind,	
geothermal	and	biomass,	could	be	the	best	solution.	Solar	photovoltaic	 is	one	of	 the	
most	promising	sources	to	produce	electricity	due	to	its	cleanness,	noiselessness	and	




football	 arena	Gavlehov	 in	Gävle	 is	providing	 the	amount	of	power	promised	before	
the	 installation.	 To	 achieve	 reliable	 results,	 the	 first	 step	 is	 to	 develop	 and	 install	 a	
monitoring	 system	 for	 recording	 the	 real	 power	 of	 the	 system	 and	 the	 ambient	
conditions	 at	 the	 same	 time.	 After	 that,	 an	 evaluation	 of	 the	 performance	 of	 the	
system	during	one	week	will	be	done,	comparing	 the	 theoretical	power	and	 the	 real	
power	obtained.	The	theoretical	power	will	be	calculated	in	two	ways:	using	the	data	
from	 a	 pyranometer	 and	 on	 the	 other	 hand,	 from	 a	 reference	 solar	 cell.	 This	 will	
permit	to	compare	which	one	matches	better	with	the	reality.	
Different	 factors	 such	as	 the	 temperature,	 the	 irradiance	and	 the	angle	of	 incidence	
are	 studied	 to	 know	 the	 real	 influence	 that	 they	 have	 on	 the	 performance	 of	 a	 PV	





and	 the	 system	 works	 at	 nominal	 power.	 So,	 it	 provides	 the	 amount	 of	 power	
promised	before	the	installation.	
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angle	 (g).	 The	 middle	 figure	 shows	 the	 normal	 vector	 (N)	 and	 the	 angle	 of	
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being	depleted	while	 the	energy	demand	 is	 constantly	 growing	all	 around	 the	world	
due	to	the	population	growth,	the	expansion	of	industry	and	the	constant	increase	of	
the	energy	consumption	per	capita.	Moreover,	global	warming	and	climate	change	are	
current	 concerns	 for	 civilization	 and	 one	 of	 the	 principal	 causes	 are	 the	 fossil	 fuels.	
Carbon	dioxide	 (CO2)	 from	the	combustion	of	 fossil	 fuels	 is	 the	main	greenhouse	gas	
and	it	represents	about	80%	of	global	emissions	[1].	
Despite	 some	doubts	 that	 surround	 the	 climate	 change	 and	 global	warming	 debate,	
there	 exists	 a	 wide	 agreement	 on	 the	 fact	 that	 CO2	 and	 other	 greenhouse	 gases	
emissions	 must	 be	 reduced.	 Greenhouse	 gases	 produce	 undesirable	 effects	 on	 the	
climate,	 such	 as	 warmer	 temperatures,	 storms	 and	 flooding.	 Society	 is	 increasingly	
concerned	 about	 the	 point	 that	 we	 must	 change	 the	 course	 and	 head	 towards	
renewable	energies	such	as	solar,	hydropower,	wind,	geothermal	and	biomass	[2].	
Regarding	 to	 solar	energy,	which	 is	basically	divided	 into	 solar	photovoltaic	 (PV)	and	
solar	thermal,	PV	energy	is	one	of	the	most	promising	sources	to	produce	electricity.	A	
PV	system	uses	the	irradiance	from	the	Sun	and	converts	it	to	direct	current	(DC)	[3].	
So,	 the	main	 advantages	 are	 its	 cleanness,	 noiselessness	 and	 sustainability,	 and	 the	
fact	 that	 it	 is	 inexhaustible.	 Also,	 it	 is	 easier	 to	 maintain	 comparing	 with	 other	
renewable	technologies.	However,	the	power	output	of	the	PV	systems	varies	notably	
because	of	the	ambient	conditions:	temperature	and	solar	radiation	[4].	Moreover,	the	








Several	 strategies	 have	 been	 developed	 with	 the	 aim	 of	 increase	 the	 amount	 of	












The	 aim	 of	 the	 study	 is	 to	 know	 if	 the	 system	 is	 providing	 the	 amount	 of	 power	
promised	before	 the	 installation.	Due	 to	 its	 conditions	 and	orientation,	 it	 is	 thought	
that	the	power	output	may	be	lower	than	the	expected	one.	Moreover,	another	goal	
to	 achieve	 is	 to	 know	 how	 much	 the	 shadows	 decrease	 the	 annual	 output	 of	 the	
system,	because	the	system	studied	has	severe	problems	with	shadowing	of	the	trees	
that	are	in	front	of	the	facade	where	it	is	installed.	
So,	 evaluating	 and	 analysing	 the	 impact	 of	 shadowing	 on	 the	 performance	 is	 an	
important	 task	 to	 carry	 out,	 together	 with	 an	 evaluation	 of	 the	 operation	 of	 the	
system.	
The	main	tasks	to	accomplish	are	the	following	ones:	

















Solar	 power	 resources	 on	 Earth	 are	 huge,	 non-polluting	 and	 inexhaustible.	
Additionally,	 solar	 energy	 is	 the	 source	 for	 other	 renewable	 energies	 such	 as	
hydropower,	wind,	biomass	and	so	on	[7].	 It	 is	known	that	the	total	amount	of	solar	
energy	 that	arrives	at	 the	Earth	exceeds	by	 far	 the	human	needs,	but	nowadays	 it	 is	
not	possible	to	take	all	the	profit	out	of	it	[8].	




















radiation	 travels	 through	 the	 atmosphere	 without	 any	 interference	 or	 change	 in	 its	
direction.	On	the	other	hand,	diffuse	radiation	changes	its	direction	because	it	scatters	
in	 the	 atmosphere.	 Depending	 on	 how	 sunlight	 was	 diffused,	 it	 can	 reach	 Earth’s	
surface	in	many	angles.	The	sum	of	the	direct	and	diffuse	solar	radiation	is	called	global	
radiation	[7]	[9].	Moreover,	apart	from	beam	and	diffuse	radiation	towards	a	surface,	





The	 variation	 of	 the	 irradiance	 reaching	 the	 Earth	 during	 the	 year	 influences	 the	 PV	
system	 performance	 and	 it	 is	 important	 to	 analyse.	 The	 radiation	 against	 a	 surface	
consists	basically	of	direct	and	diffuse	 radiation,	but	 the	more	direct	 light	 the	higher	
the	 output	 power	 generated.	 Orienting	 the	 PV	modules	 towards	 direct	 sunlight	 will	
optimize	 the	 system’s	efficiency.	 So,	 to	extract	 the	maximum	power,	 the	 solar	panel	
should	follow	Sun’s	direction.	The	angle	between	the	normal	vector	of	the	surface	and	


























The	 declination	 is	 different	 depending	 on	 the	 day	 number	 of	 the	 year,	 so	 it	 varies	

















origin	 (w=0°)	 the	moment	 when	 the	 Sun	 passes	 the	meridian,	 which	 is	 the	 highest	




• Apparent	 solar	 time:	 It	 is	 based	 on	 the	 true	 solar	 day,	 which	 is	 the	 interval	
between	two	successive	returns	of	the	Sun	to	the	local	meridian.	The	solar	time	
can	be	measured	with	a	sundial.	




applying	 two	 adjustments.	 On	 the	 one	 hand,	 there	 is	 a	 constant	 that	 corrects	 the	
difference	in	longitude	between	the	local	meridian	and	the	standard	meridian.	It	takes	
4	minutes	 for	 the	 Sun	 to	 transverse	 1°	 of	 longitude.	 On	 the	 other	 hand,	 the	 other	
correction	is	the	equation	on	time,	which	takes	into	account	the	changes	in	the	Earth’s	
rotation	 speed	 and	 the	 elliptical	 shape	 of	 the	 Earth’s	 orbit	 around	 the	 Sun.	 The	
following	equation	provides	the	difference	in	minutes	between	the	local	time	and	the	













𝐵 = 360 (𝑛 − 1)365 	










• Solar	 altitude	 angle	 (as):	 It	 is	 the	 angle	 between	 the	 sun	 beam	 and	 the	
horizontal	(the	complement	of	the	zenith	angle).	
• Solar	azimuth	angle	 (gs):	 It	defines	the	direction	of	 the	Sun	and	 it	 is	 the	angle	
between	 the	 south	 line	 and	 the	 projection	 of	 the	 beam	 radiation	 on	 the	
horizontal	plane	(west	positive).		
2.2 PV	systems	




A	 solar	 cell	 is	 a	 device	 that	 converts	 the	 sunlight	 energy	 into	 electricity	 by	 the	
photovoltaic	effect.	Its	electrical	characteristics	(voltage	and	current)	change	when	it	is	
exposed	 to	 the	 light.	 The	 design	 of	 PV	 cells	 permits	 to	 transfer	 the	 energy	 of	 the	
photons	that	penetrate	the	panel	to	electrons	that	are	directed	into	an	external	circuit	
to	power	an	electrical	load	[7].	
A	single	solar	cell	generates	a	voltage	of	0.6	V	 [13],	 so	 it	 is	needed	 to	connect	more	
than	one	(between	50	and	120	cells)	[7]	to	achieve	a	feasible	output	power	for	most	
applications.	 A	 photovoltaic	module	 is	 obtained	 connecting	multiple	 solar	 cells.	 The	
connection	of	 the	 cells	 can	be	done	 in	 series	or	 in	parallel.	On	 the	one	hand,	 in	 the	
series	connection,	the	output	voltage	is	the	sum	of	the	voltage	of	each	cell	connected	
while	the	current	is	the	same	for	all	of	them.	On	the	other	hand,	when	connecting	the	













possible	to	generate	currents	 [7].	 It	happens	 in	semiconductor	materials,	which	have	





The	 principle	 of	 the	 photovoltaic	 effect	 is	 that	 the	 sunlight	 supplies	 the	 necessary	
amount	of	energy	to	the	electrons	to	be	able	to	move	from	the	valence	band	to	the	
conduction	 band,	 generating	 electricity	 at	 the	 same	 time.	 In	 the	 case	 of	 silicon	 cells	
(the	most	 common	ones),	 the	electrons	need	1.12	eV	 (electron	volts)	 to	 surpass	 the	
GAP	[6].	
The	main	objective	of	a	PV	cell	is	to	transform	as	much	of	the	solar	energy	incoming	as	
photons	as	possible	 into	electricity.	A	solar	cell	 is	mainly	 formed	by	a	semiconductor	





When	 the	 light	 reaches	 the	 solar	 cell,	 it	 is	 absorbed	 and	 transfers	 energy	 to	 an	
electron,	 liberating	 it	 from	 the	 atom.	 Then	 the	 electrons	 excited	 in	 the	 conduction	
band	 flow	 from	 the	 P-type	 layer	 to	 the	N-type	 layer,	while	 the	 holes	 in	 the	 valence	
band	move	 in	 the	opposite	direction	 [15].	 This	 creates	a	voltage	difference	between	
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and	 the	 electron	hole	moves	 to	 the	 conductive	 backing,	 causing	 current	 flow	 to	 the	
outside	load	[7].	
Unfortunately,	 not	 all	 the	 solar	 energy	 that	 arrives	 to	 the	 solar	 cell	 is	 converted	 to	










Nowadays,	 there	 is	 an	 extensive	 diversity	 of	 photovoltaic	 cell	 technologies	 that	 use	




At	 the	present	 time,	 the	most	used	material	 for	producing	PV	modules	 is	 the	 silicon	
wafer,	accounting	around	the	90%	of	the	photovoltaic	cell	market	[6],	which	is	possible	
to	manufacture	 in	 two	 forms:	 crystalline	 silicon	 (monocrystalline	and	polycrystalline)	
and	 amorphous	 silicon.	 Crystalline	 silicon	 cells	 have	 an	 excellent	 efficiency	 (14-19%)	
[12]	 rising	up	 lately	 to	25%,	however,	monocrystalline	cells	have	high	manufacturing	
costs	and	require	pure	materials	for	its	production.	Polycrystalline	cells	appeared	later,	
their	 production	 cost	 is	 lower	because	 they	 are	 easier	 to	manufacture,	 but	 they	 are	
also	less	efficient	than	monocrystalline	cells	[6].	
On	 the	 other	 hand,	 searching	 for	 cost	 reduction,	 amorphous	 (uncrystallised)	 silicon	
cells	appeared.	They	are	based	on	thin	film	technologies	which	use	much	less	material	
(99%	less	than	crystalline	solar	cells	[6])	in	order	to	absorb	the	same	amount	of	light.	
Their	 service	 life	 time	 is	 longer	 (25	years)	and	 their	 installation	easier.	However,	 the	
conversion	 efficiency	 is	 lower	 (5-10%)	 [12].	 Apart	 from	 amorphous	 silicon	 cells,	 thin	
film	 technologies	 include	 other	materials	 such	 as	 cadmium	 telluride,	 copper	 indium	
selenide,	titanium	dioxide	and	so	on.	
Recently,	new	technologies	are	arising,	 like	organic	photovoltaic	cells	which	offer	the	
potential	 of	 achieving	 the	aim	of	 a	PV	 technology	economically	 viable	and	 simple	 to	
manufacture	[6].	























STC.	The	peak	power	for	a	module	with	an	area	A	and	efficiency	h	is	given	by:	𝑃VWXY 𝑊V = 𝜂 · 𝐴 · 1000	𝑃VWXY 𝑘𝑊V = 𝜂 · 𝐴 · 1	
This	means	that	the	efficiency	can	be	calculated	as:	𝜂 = 𝑃VWXY𝐴 	
The	 efficiency	 of	 a	 solar	 cell	 depends	 on	 the	 solar	 irradiance,	 temperature	 (ambient	
and	module)	 and	dust.	A	high	 temperature	 can	affect	 cell	 performance	 considerably	
and	many	studies	have	 focused	on	 reducing	 the	module’s	 temperature	by	extracting	
the	 heat	 and	 utilizing	 it	 for	 other	 purposes.	 Regarding	 the	 irradiance,	 lower	 solar	
radiation	results	in	decreased	efficiency,	as	fewer	photons	reach	the	cell	surface.	Dust	
is	 an	 easy	 problem	 to	 solve.	 PV	 panels	 need	 to	 be	 cleaned	 frequently	 to	 avoid	 the	
accumulation	 of	 dust	 that	 can	 block	 the	 sunlight	 on	 the	 PV	 modules	 [6].	 In	 the	
following	section,	the	effect	of	irradiance	and	temperature	will	be	explained	in	detail.	
2.3.2 Output	of	a	PV	module	
The	 output	 power	 depends	 on	 the	 module	 temperature,	 irradiance	 and	 angle	 of	
incidence	of	 the	solar	beams.	Knowing	 the	peak	power	 (nominal)	of	a	 solar	cell,	 it	 is	









the	 irradiance	 reaching	 the	 module	 is	 different	 than	 the	 one	 used	 in	 STC.	 So,	 the	
theoretical	power	is	proportional	to	the	irradiance	received.	𝑃JcW^dWJefXK = 𝑃VWXY · 𝐺1000	
As	it	was	said,	the	output	power	is	mainly	influenced	by	the	irradiance	received,	but	it	
also	 depends	 on	 the	 angle	 of	 incidence	 and	 the	 temperature	 of	 the	 modules.	
Subsequently,	to	calculate	the	theoretical	power	all	these	factors	need	to	be	taken	into	











incidence	of	 the	Sun	radiation.	Moreover,	equation	13	also	considers	 the	part	of	 the	
radiation	that	does	not	reach	the	module	directly.	Kd	 indicates	the	fraction	of	diffuse	
radiation.	
Regarding	 the	 temperature	 effect,	 it	 indicates	 how	 the	 PV	 system	 output	 power	
depends	 on	 the	 cell	 surface	 temperature.	 The	 output	 power	 decreases	 as	 the	
temperature	increases,	so	this	is	why	it	is	a	negative	number.	
The	aim	of	a	PV	system	is	to	provide	energy.	So,	the	final	output	Eout	[kWh]	generated	


















curve),	 represents	 the	 values	 of	 voltage	 and	 current,	 experimentally	measured,	 of	 a	


























On	 the	 other	 hand,	when	 there	 is	 no	 current	 passing	 through	 the	 cell	 (I	 =	 0	 A)	 the	
open-circuit	voltage	(Voc)	takes	place.	It	is	the	maximum	voltage	difference	across	the	
cell	[18].	
The	 power	 produced	 in	 a	 solar	 cell	 can	 be	 calculated	 along	 the	 I-V	 curve	 by	 the	
following	equation:	 𝑃 = 𝐼 · 𝑉	
The	 open-circuit	 voltage	 and	 short-circuit	 current	 are	 the	 maximum	 voltage	 and	
current	respectively	 from	a	solar	cell.	However,	at	these	points,	 the	output	power	of	
the	solar	cell	 is	 zero.	So,	 to	determine	 the	maximum	power	 from	a	solar	cell,	 the	 fill	
factor	(FF)	 is	used	together	with	the	Isc	and	Voc.	The	FF	 is	a	measure	of	the	quality	of	
the	cell	and	it	can	be	defined	as:	𝐹𝐹 = 𝐼]VV · 𝑉]VV𝐼If · 𝑉 f 	








The	 voltage	 and	 current	 generated	 in	 a	 solar	 cell	 depend	 directly	 on	 the	 received	
illumination.	It	mainly	affects	the	short-circuit	current	(Isc)	of	the	cell,	which	is	directly	











A	 solar	 cell	 is	 a	 diode,	 so	 a	 change	 in	 the	 temperature	 will	 affect	 the	 electrical	
efficiency,	and	consequently	 the	performance	of	 the	PV	module.	When	the	 light	hits	
the	solar	cell,	the	energy	of	the	photons	is	used	to	generate	electric	power,	but	some	
heat	is	retained,	which	increases	the	temperature	of	the	solar	cell	[22].	
Solar	 cell	 temperature	 effect	 is	 mostly	 noticeable	 in	 the	 voltage.	 When	 the	













As	 it	 is	 known,	 PV	modules	 electricity	 generation	 depends	 on	 the	 sunlight	 that	 they	
receive.	Sometimes	shadows	due	to	clouds,	trees	or	surrounding	buildings	negatively	
affect	 the	performance	of	 the	PV	panels	 [24].	Usually,	 the	PV	 cells	 are	 connected	 in	
series	and	this	means	that	the	cell	which	produces	less	current	will	restrict	the	current	
of	the	string.	Consequently,	a	shadow	on	one	cell	will	influence	the	performance	of	the	
whole	 system.	 The	main	 problem	 is	 the	 reduction	 of	 output	 power,	 because	 as	 the	
insolation	decreases	also	does	the	current	[25].	
When	 the	 level	 of	 shading	 is	 important,	 thermal	 stress	 can	 appear.	 This	means	 that	
some	 cells	 can	 work	 in	 reverse	 bias,	 operating	 as	 resistive	 loads	 instead	 of	 power	
generators.	 When	 the	 breakdown	 voltage	 is	 exceeded,	 the	 cell	 can	 be	 completely	
damaged.	The	losses	in	the	cell	can	rise	the	cell	temperature	severely	and	overheat	it,	
which	might	result	in	hot	spots,	causing	irreversible	damage	[26].	
In	order	 to	solve	 the	problems,	 it	 is	possible	 to	connect	 in	parallel	by-pass	diodes	 to	
several	solar	cells.	Under	normal	conditions,	without	shadows,	the	diodes	are	blocked.	
But	when	 shading	appears,	 the	by-pass	diodes	will	 conduct	 the	 current	delivered	by	
the	other	cells	[25].	









In	 Figure	 18	 it	 is	 shown	 the	 I-V	 characteristic	 curve	 of	 the	 PV	 cells	 in	 Figure	 17	 in	
different	conditions.	
Another	 example	 is	 the	 Figure	 19	 where	 it	 can	 be	 seen	 a	 PV	 array	 under	 different	





By-pass	 diodes	 practically	 solve	 the	 problem	 of	 damaging	 the	 PV	 modules,	 but	 the	
output	 power	 continues	 being	 lower.	 Moreover,	 there	 are	 some	 disadvantages	 of	
installing	by-pass	diodes	such	as	the	higher	cost	production	of	the	modules,	 losses	 in	



























modules	 and	 the	 balance	 of	 system	 (BOS).	 The	 BOS	 comprises	 several	 components:	
mounting	systems,	 the	 junction	box,	 the	 inverter,	 cables	 that	connect	 the	array	with	
the	junction	box	and	wires	from	the	junction	box	to	the	inverter,	protection	switches	
and	alternating	current	wiring	from	the	inverter.	







building.	 Seven	 panels	 contain	 18	 modules	 each	 one,	 and	 the	 first	 panel	 has	 17	
modules	 connected	 in	 series.	 So,	 in	 total	 there	 are	 143	 PV	 modules.	 Mounting	 PV	
modules	 vertically	 is	 not	 the	 best	 option	 because	 the	 angle	 of	 incidence	 is	 not	 the	
optimum.	 Some	 studies	 state	 that	 the	 yearly	 loss	 of	 installing	 the	 PV	 modules	 in	






The	material	of	 the	modules	of	 the	system	 is	polycrystalline	silicon	and	 the	model	 is	

























them	and	have	 a	 safety	 barrier.	 The	 junction	 box	 has	 the	 role	 of	 connecting	 the	 PV	





A	 solar	 inverter	 is	 a	 component	 of	 the	 balance	 of	 system	of	 a	 PV	 system.	 The	main	
function	of	an	inverter	is	to	convert	direct	current	(DC)	to	alternating	current	(AC).	In	
the	 case	 of	 solar	 inverters,	 they	 have	 two	 more	 functions:	 maximum	 power	 point	
tracking	(MPPT)	and	anti-islanding	protection.	
The	inverter	is	connected	to	the	junction	box,	which	at	the	same	time	is	connected	to	





The	 maximum	 efficiency	 and	 the	 maximum	 input	 power	 are	 98.3%	 and	 30	 800	 W	
respectively	[31].	











































of	a	pyranometer	 it	will	be	possible	 to	understand	 the	changes	 in	 the	output	power	
due	to	the	variation	of	the	irradiance.	








It	will	 be	useful	 to	display	 the	 IV	 curve	because	 the	 Isc	 and	 the	Voc	will	 be	obtained.	
Once	 the	Voc	 is	known,	 it	 is	possible	 to	determine	 the	 temperature	of	 the	cell	which	


























used	 to	 acquire	 the	 data	 is	 LabVIEW	 (Laboratory	 Virtual	 Instrument	 Engineering	
Workbench)	from	National	Instruments.	It	is	a	platform	and	development	environment	
for	 designing	 systems,	 with	 a	 graphical	 visual	 programming	 language.	 It	 is	
recommended	for	hardware	and	software	systems	tests	and	design,	since	it	supports	





logger	 to	 the	monitoring	 system	and	 then,	 the	 short-circuit	 current,	 the	open	circuit	
voltage,	the	ambient	temperature	and	the	voltage	of	the	pyranometer	are	acquired.	
The	 logger	 is	configured	 to	send	data	every	minute.	 It	 takes	3	seconds	 to	get	 the	20	














to	 evaluate	 the	 performance	 of	 the	 system.	 Mainly,	 the	 analysis	 is	 based	 on	 the	
comparison	 between	 the	 real	 power	 produced	 by	 the	 system	 and	 the	 theoretical	
power	calculated	using	the	data	obtained	with	the	measurement	system.	
3.4.1 Real	power	
The	 real	 power	 is	 the	output	power	produced	by	 the	PV	 system	and	used	 to	 supply	




string	 at	 every	 minute.	 So,	 as	 it	 is	 explained	 in	 the	 subsection	 2.3.3	 IV	 curve,	 to	
calculate	the	power	of	each	string	the	equation	19	was	used.	𝑃	(𝑊) = 𝐼 · 𝑉	
Once	 the	 power	 of	 the	 8	 strings	 is	 calculated,	 it	 is	 possible	 to	 know	 which	 string	
produces	more	 power	 and	 the	 evolution	 during	 the	 day	 depending	 on	 the	weather	
conditions.	
3.4.2 Theoretical	power	
The	 theoretical	 power	 is	 the	 power	 calculated	 experimentally	 and	 expected	 to	 be	
delivered	by	the	system.	The	equation	20	explained	in	the	subsection	2.3.2	Output	of	a	




The	 peak	 power	 of	 the	 modules	 is	 given	 by	 the	 manufacturer	 in	 the	 electrical	
specifications	 (Table	 1).	 So,	 the	 peak	 power	 used	 is	 Ppeak	 =	 250	Wp.	 As	 there	 are	 18	
modules	 per	 each	panel,	 to	 calculate	 the	 theoretical	 power	 of	 each	 string,	 the	 peak	
power	was	multiplied	by	18,	except	for	the	first	string	which	has	17	modules.	
3.4.2.2 Irradiance	
There	 are	 two	 ways	 to	 calculate	 the	 irradiance:	 with	 the	 pyranometer	 or	 with	 the	
reference	solar	 cell	 installed.	 In	 the	equation	20,	 the	 irradiance	 is	divided	 into	direct	
(beam)	 radiation	 and	 diffuse	 radiation.	 In	 this	 case,	 the	 devices	 provide	 the	 global	
radiation	which	 for	 the	 calculations	 is	 all	 considered	 beam	 radiation.	 So,	 the	 diffuse	
radiation	is	considered	0.	
On	the	one	hand,	the	sensor	connected	to	the	pyranometer	provides	the	difference	of	






𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒Vxd 𝑊𝑚y = 𝑉Vxd · 100013.11 	
On	the	other	hand,	as	the	short-circuit	current	of	the	reference	solar	cell	is	measured	
and	the	equivalence	with	the	irradiance	is	also	known	(Table	3),	the	irradiance	can	also	
be	calculated	as:	 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒dWzfWKK 𝑊𝑚y = 𝐼If · 100028.7 	
In	 this	 case,	 a	 calibration	of	 the	 solar	 cell	 towards	 the	pyranometer	with	 a	 factor	of	
1.02	was	applied.	
3.4.2.3 Angle	of	incidence	correction	factor	
The	 angle	 of	 incidence	 varies	 during	 the	 day	 due	 to	 the	 position	 of	 the	 Sun.	When	
using	the	irradiance	measured	with	the	pyranometer,	a	correction	factor	needs	to	be	
applied.	 In	the	case	of	the	 irradiance	obtained	from	the	solar	cell,	 it	 is	not	necessary	
because	the	reference	solar	cell	is	oriented	in	the	same	way	as	the	modules.	
In	the	subsection	2.1.1	Angle	of	incidence,	it	is	explained	how	to	calculate	the	angle	of	
incidence.	 In	 this	 case,	an	Excel	 file	with	 some	equations	was	used.	So,	 inserting	 the	
location	and	orientation	of	the	system	together	with	the	day	of	the	year,	the	angle	of	
incidence	each	minute	was	acquired.	
Once	 the	 angle	 of	 incidence	was	 known,	 it	 was	 possible	 to	 calculate	 the	 correction	
factor	using	the	equation	23.		𝐾h = 1 − 𝑏k · 1cos 𝜃 − 1 	
There	 is	 a	 problem	 using	 this	 equation	 when	 the	 angle	 of	 incidence	 is	 around	 90°.	
Because	cos	(90°)	=	0	and	it	implies	a	division	by	0	which	causes	an	incorrect	amount	
of	 power.	 To	 solve	 this,	 the	 data	 of	 the	 moments	 of	 the	 day	 when	 the	 angle	 of	
incidence	is	around	90°	was	not	considered.	
3.4.2.4 Temperature	of	the	module	
The	 temperature	 of	 the	 module	 affects	 the	 performance	 of	 the	 PV	 system,	 as	 was	
explained	 in	 the	 subsection	 2.4	 Effect	 of	 irradiance	 and	 temperature.	 The	 module	
temperature	 can	 be	 calculated	 in	 two	 ways:	 by	 convective	 heat	 transfer	 using	 the	
temperature	 of	 the	 air	 or	 with	 the	 reference	 solar	 cell.	 Firstly,	 it	 was	 calculated	 by	
















Then,	 to	 calculate	 the	module	 temperature	with	 the	 reference	 solar	 cell,	 the	 open-
circuit	 voltage	 measured	 was	 used.	 Table	 3	 gives	 the	 open-circuit	 voltage	 at	 25°C,	
which	is	586.7	mV.	Knowing	this	and	the	parameter	b	=	-2.17	mV/°C,	which	means	that	
Voc	decreases	2.17	mV	per	each	degree,	the	module	temperature	is	obtained:		𝑇]^_`KW = 𝑉 f − 𝑉 f(25°𝐶)b + 𝑇{t| = 586.7 − 𝑉 f2.17 + 25	
After	some	calculations,	it	was	seen	that	to	obtain	a	similar	module	temperature	with	
both	methods,	the	convective	heat	transfer	coefficient	should	be	25	W/m2K.	












Moreover,	 it	 was	 also	 represented	 the	 relation	 between	 the	 real	 power	 and	 the	





of	 18	 modules,	 the	 output	 power	 when	 the	 irradiance	 is	 1	000	 W/m2	 should	 be	
4	500	W.	
To	 know	 if	 the	 system	 is	 providing	 the	 expected	 amount	 of	 power,	 the	 power	 at	
nominal	 conditions	 was	 estimated	 for	 both	 cases	 (pyranometer	 and	 reference	 solar	
cell).	The	nominal	power	was	calculated	using	as	reference	the	equation	20.	
























































































relation	 between	 the	 output	 power	 and	 the	 irradiance,	 just	 taking	 into	 account	 the	




































































































































the	 output	 power	 during	 the	 day	 and	 it	 is	 possible	 to	 compare	 the	 real	 with	 the	
theoretical	 power.	 In	 the	 case	 of	 the	 theoretical	 power	 obtained	 with	 the	
measurements	done	with	the	pyranometer,	the	data	between	14:15	and	15:15	is	not	





The	 performance	 of	 the	 eight	 strings	 and	 the	 whole	 PV	 system	 is	 shown	 below.	











25/05/2017	 Sun	and	clouds	 16.5	°C	 796.7	W/m2	 27.81	kW	
26/05/2017	 Sun	and	clouds	 14.2	°C	 853.3	W/m2	 29.66	kW	
27/05/2017	 Sun	 21	°C	 711.9	W/m2	 23.35	kW	
28/05/2017	 Sun	 20.3	°C	 730.5	W/m2	 24.16	kW	
29/05/2017	 Clouds	and	sun	 10.6	°C	 861.8	W/m2	 33.02	kW	





























Figure	 41	 shows	 the	 total	 power	 that	 each	 string	 produces	 during	 a	 sunny	day.	 It	 is	
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string	 8.	 Blue	 points	 are	 the	 power	 obtained	 at	 that	 irradiance	 and	 the	 red	 line	 the	


































































First	of	all,	 it	was	necessary	 to	know	 if	 the	monitoring	system	was	working	properly.	
So,	 the	 peak	 power	 of	 the	 strings	 was	 represented	 for	 the	 whole	 day	 for	 both	




of	 the	 day	 and	 between	 08:00	 and	 10:00.	 On	 the	 other	 hand,	 for	 the	 irradiance	
measured	with	the	reference	solar	cell,	 in	Figure	31,	the	same	 irregularities	between	
08:00	and	10:00	appear,	but	the	other	ones	do	not.	
In	 the	 case	 of	 the	 peaks	 at	 the	 beginning	 and	 at	 the	 end,	 it	 happens	 because	 the	
difference	of	 voltage	 in	 the	pyranometer	at	 some	 time	 is	 zero	and	 subsequently	 the	
irradiance	 is	 zero	 as	well.	 So,	 calculating	 the	 peak	 power	 appears	 an	 asymptote.	 To	
















Regarding	 the	 relation	between	 the	output	power	and	 the	 irradiance,	 it	 should	be	a	
straight	 line.	 In	Figure	32	and	Figure	33,	there	are	some	points	out	of	the	line.	These	
points	correspond	to	the	data	between	08:00	and	10:00.	So,	to	assure	the	reliability	of	
the	system,	 these	points	were	removed,	 together	with	 the	beginning	and	the	end	of	
the	day.	Then,	Figure	34	and	Figure	35	were	obtained.	The	relation	is	correct,	because	
when	the	irradiance	increases	also	does	the	output	power.	In	Figure	34,	two	different	







place	 in	 the	 morning.	 The	 lower	 the	 angle	 of	 incidence,	 the	 greater	 the	 irradiance	
reaching	the	surface	and	higher	the	output	power	produced.	
5.3 Real	and	theoretical	power	
It	 is	 important	 to	 compare	 the	 theoretical	 power	 calculated	 and	 the	 real	 power	
obtained.	 In	Figure	37,	the	relation	between	the	two	theoretical	powers	and	the	real	
power	is	represented.	There	are	some	points	on	the	right	that	do	not	follow	the	line.	




In	Figure	38,	 the	evolution	of	 the	three	powers	during	 the	day	 is	 shown.	All	of	 them	
have	the	same	curve,	except	for	the	drop	of	the	theoretical	powers	between	08:00	and	
10:00	 because	 of	 the	 shadows,	 and	 not	 considering	 the	 irregularities	 due	 to	 the	
asymptotic	behaviour	in	the	case	of	the	pyranometer.	





the	 theoretical	 performance	 of	 the	 system	 is	 more	 accurate	 than	 employing	 a	













output	 power	 (Figure	 87	 and	 Figure	 88,	 Appendix	 III).	 The	 27th	 (Figure	 43)	 and	 28th	
(Figure	 90,	 Appendix	 III)	 of	May	were	 completely	 clear	 days,	 so	 the	 power	 curve	 is	
almost	 perfect.	 In	 the	 case	 of	 the	 29th	 (Figure	 45),	 during	 the	morning	 the	 sky	 was	
covered,	but	then	it	cleared	up.	Finally,	the	last	day	(Figure	47),	 it	was	raining	all	day	
and	therefore	the	power	obtained	is	so	low.	
Regarding	 the	 effect	 of	 the	 temperature,	 as	 it	 can	 be	 seen	 in	 Figure	 39	 graphically,	
although	the	27th	and	the	28th	were	 the	sunniest	days,	 they	do	not	have	the	highest	
maximum	output	power	because	the	temperature	was	elevated.	In	contrast,	the	29th,	








It	 would	 be	 interesting	 to	 study	 the	 PV	 system	 when	 the	 sun	 is	 lower	 in	 the	 sky,	
because	then,	the	trees	will	shadow	the	PV	panels	and	the	performance	of	each	string	
























in	 the	 same	 height	 as	 the	 PV	 modules	 to	 achieve	 more	 accurate	 results	 and	 avoid	
irregularities.	
Secondly,	 it	can	be	concluded	that	the	model	used	to	calculate	the	nominal	power	 is	
correct.	 The	main	 goal	 of	 the	 thesis	 was	 to	 know	 if	 the	 PV	 system	 is	 providing	 the	
power	 promised.	 There	 were	 some	 doubts	 but	 it	 has	 been	 proved	 that	 the	 system	
works	at	nominal	power.	
Moreover,	as	 it	was	observed,	 the	model	used	 to	calculate	 the	 theoretical	powers	 is	
also	precise.	The	theoretical	power	curves	match	almost	perfectly	with	the	real	power	
one.	 Additionally,	 with	 the	 comparison	 between	 both	 methods	 to	 obtain	 the	
theoretical	 power,	 it	 has	been	 seen	 that,	 in	 this	 case,	 using	 a	 reference	 solar	 cell	 to	
extract	 the	measurements	 to	 simulate	 the	 theoretical	 performance	 of	 the	 system	 is	
more	precise	than	employing	a	pyranometer.	This	 is	because	a	reference	solar	cell	 is	
easier	 to	align	and	 it	has	 the	 same	angular	behaviour	as	a	PV	module.	Even	 though,	
there	 is	 the	possibility	 that	 the	pyranometer	was	not	perfectly	oriented	and	 this	can	
cause	some	errors.	
Another	 question	was	 to	 know	 if	 all	 the	 strings	worked	 simultaneously	 and	 if	 all	 of	
them	provide	 the	 same	power.	 It	 has	been	verified	 that	 the	eight	panels	operate	as	
expected	and	deliver	a	similar	amount	of	power.	
Regarding	 the	effect	 of	 the	 temperature	 and	 the	 solar	 radiation,	 it	 has	been	proved	




For	 further	 studies,	 it	 would	 be	 interesting	 to	 monitor	 the	 system	 the	 whole	 year,	
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